Introduction 1
There is an ever increasing demand for the development of age appropriate dosage forms, especially 2 for paediatric patients and older adults who have difficulties in swallowing. This is most apparent in 3 modified release formulations where the functional excipients responsible for controlling drug 4 release can become ineffective due to manipulation prior to administration to children. Even over 5 the counter antipyretic formulations have an increased risk of side effects in children. Worryingly, 6 there are very few oral modified-release drug delivery platforms suitable for administration to 7 paediatrics. Generally, for children and patients who find swallowing is difficult, syrup-based oral for use with specific drugs. There is therefore a real need for alternative formulations. A potential 13 route to achieve modified release in oral liquids is by using polysaccharide solutions which undergo 2003). These issues could potentially be overcome by using fluid gels.
22
Fluid gels (also referred to as sheared gels) can be defined as suspensions of gel particles prepared 23 by introducing a shear field while gelation is occurring in biopolymer solutions. These fluid gels 24 can be formulated so the bulk material acts as a pourable viscoelastic fluid whilst retaining a cross-25 linked gel microstructure within the particles. The formation of these gelled particles has been 26 previously described by a nucleation and growth mechanism, with the applied shear field limiting 27 the molecular ordering to within individual gel particles by physically ensuring that the original 28 formed gel nucleation sites remain separate from one another (Norton et al., 1999) . Along with the 29 bulk viscosity, the size and strength of these micron-sized, gelled particles can also be controlled by 30 varying the concentration of polymer and shearing rate used during production (Gabriele et al 2009; 31 Fernández Farrés et al., 2014) . This creates an attractive opportunity to incorporate drugs into an 32 acid-resistant fluid gel which could potentially delay release in the stomach.
33
Gellan gum is a biopolymer particularly suited for producing fluid gels for such applications. It is a 2008) and consists of repeating tetrasaccharide units of glucose, glucuronic acid, glucose and 36 rhamnose residues (Chandrasekaran et al., 1988) . Gellan gum is an EU approved food additive 37 (E418) that has been investigated by several groups for applications in pharmaceuticals (Deasy and 
52
Furthermore oral sustained delivery using gellan solutions (which formed acid gels in the stomach) 53 has also been explored and bioavailability from the gels formed in situ was similar to that of a 
63
In the present study gellan gum fluid gels loaded with ibuprofen, (a BCS Class II drug that is 64 currently available as modified release tablets) were investigated as a modified release oral liquid.
65
Fluid gel formulations were investigated over a range of pH and acid exposure times to evaluate 66 how variations in gastric physiology may impact the mechanical properties of these physiologically 67 responsive fluid gels and the consequential release behaviour. 
Preparation of fluid gels

75
Fluid gels were prepared by adding low acyl gellan gum at concentrations from 0.1 to 1% w/w to 76 deionised water at 85 °C while stirring. Once fully dissolved, the solutions were allowed to cool to 77 ~60 °C then a paediatric dose of ibuprofen (20 mg/ml) was added and the pH was adjusted to 7.4 78 using 1 M NaOH. Solutions were then cooled further at 2 °C min -1 whilst being sheared using
79
Bohlin Gemini Nano HR rheometer at a shear rate of 500 s -1 . To evaluate the potential to vary the 80 particle size during formulation, fluid gels were prepared with changes to the processing conditions.
81
To investigate the effect of cooling rate, 0.75% w/w gellan gum fluid gels were prepared as The following rheological measurements were performed to investigate how gel stiffness changes 129 during the in vitro dissolution tests and therefore enable correlation of stiffness (G") to drug release.
130
To understand how elastic modus (G′) was affected by residence time in acidic media, 5 ml of the at pH 1.2 for time periods increasing from 5 to 120 min before loading the sample on the rheometer.
133
To study the impact the change of dissolution media (to PBS pH 7.4) has on the stiffness of the gel 134 following exposure to acid, another set of samples was also exposed to pH 1.2 for 10 and 60 min
135
(batch A and B respectively). The medium was then changed to pH 7.4 for a period of time from 30 136 to 600 min for batch A and 60 to 1200 min for batch B, prior to loading on the rheometer.
137
Rheological measurements were carried out using a Bohlin Gemini Nano HR rheometer. Oscillation 
165
This formulation was therefore used in further investigations. Dynamic small deformation 166 oscillatory measurements of G" and G"" (Fig 2B) highlight the viscoelasticity of the 0.75% w/w 167 fluid gel with G" slightly greater than G"" across a range of frequencies; this is typical "weak gel" 168 rheological behaviour. Figure 3 shows the effect of cooling rate on the viscosity during formation of 169 a 0.75% w/w fluid gel at a fixed shear rate of 500 s -1 (Fig 4A) and the effect of shear rate at a fixed cooling rate of 2 °C/min (Fig 4B) . The viscosity of the fluid gels during formation increased with 171 increasing cooling rates and viscosity decreased when shear rate was increased. (Fig. 5C ). When the concentration is increased further to 1% the particles were much 181 larger and irregular in shape (Fig. 5D ). Figure 6 shows the effect of increasing cooling rates on the particle size of 0.75% w/w at fixed 185 shear rate of 500 s -1 (Fig 6A-C) and the effect of increasing shear rates on the particle size of same 186 concentration of gellan at fixed cooling rate of 2 °C/min (Fig 6D-F) . These micrographs indicate 187 that a smaller particle size can be obtained by decreasing cooling rate and increasing the shear rate 188 when forming the fluid gels. 
Dissolution behaviour 191
To investigate the effects of exposure to low pH for the fluid gels a 5 ml sample of each was (Fig. 13A ). When the sample was exposed to pH 1.2 for 10 231 minutes, the gel stiffness was only ~600 Pa and gradually increased to ~1300 Pa on transfer to PBS 232 pH 7.4. In this system the zero order drug release occurred within 40 minutes and at an increased 233 rate of 0.44 mg/min (Fig. 13B) . After this time, the gel disintegrated and was no longer included in 234 this study. These results highlight that increased gel stiffness can reduce the release rate. The preparation of fluid gels is a simple process, producing gelled particles that are dispersed in an 245 un-gelled medium. Production using a rheometer allows the cooling rate and the shear rate to be 246 accurately controlled and the characteristic change in viscosity monitored (the process however, is 247 easily carried out on a larger scale using application of shear). When the gellan gum fluid gels were 248 formed containing ibuprofen, the onset of ordering increased with increasing gellan concentration 249 (Fig 1) showed shear thinning behaviour similar to that of a proprietary paediatric oral ibuprofen 257 suspension with the 0.75% w/w fluid gel having the closest match (Fig 2) . However, at very low 258 shear rates the viscosity was sufficient for the preparation to be inverted without any steady state 259 flow as illustrated in figure 3 (Supplementary Video 1) . This is due to the weak gel properties of the 260 ibuprofen gellan fluid gel (Fig 2B) which are thought to be a result of particle-particle interactions further 30 minutes before onset of release.
296
The effects of varying acidic pH on the subsequent release of ibuprofen from the 0.75% gellan gum 297 fluid gel following transfer to pH 7.4 was also evaluated. It was found that the release of ibuprofen 298 from a 0.75% gellan gum fluid gel was strongly affected by the pH of the dissolution media (Fig.   299   9 ). There was no significant difference in release between samples that were initially exposed to pH (Fig. 10) . A linear relationship was also found following exposure to pH 2 although the effect was 307 substantially less pronounced. This was thought to be due to fewer H + ions present at pH 2 308 compared with pH 1.2. This will result in formation of a weaker acid gel with an associated increase 309 in hydration and dissolution of the ibuprofen when transferred to pH 7.4. Indeed, the stiffness of the 310 gel had an exponential relationship with onset of release in pH 7.4 media (Fig. 11) . Furthermore the 311 stiffness of the gellan was dependent on the duration of exposure to acidic pH which has also 
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Viscosity of gellan gum during fluid gel formation (cooling at 2 °C/min at a shear rate of 500 s −1 ) for 0.1% (filled diamonds), 
534
Light microscopy images of 0.75% w/v gellan gum loaded with 20 mg/ml ibuprofen prepared at a shear rate of 500 s −1 using 
540
Light microscopy images of gellan gum fluid showing crystallised ibuprofen entrapped within gel particles. 
550
Cumulative % release of ibuprofen from 0.75% w/v gellan gum fluid gel loaded with 20 mg/ml ibuprofen exposed to different 
561
Exponential relationship between the onset of release in SIF pH 7.4 as a function of gel stiffness (G′). 575 576
